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Comparison of Epstein-Barr Virus Strains of Different Origin
by Analysis of the Viral DNAs
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Epstein-Barr virus (EBV) originating from Burkitt's lymphoma (P3HR-1 and
CC34-5), nasopharyngeal carcinoma (M-ABA), transfusion mononucleosis (B95-
8), and a patient with acute myeloblastic leukemia (QIMR-WIL) was isolated
from virus-carrying lymphoid cell lines after induction with the tumor promoter
12-0-tetradecanoylphorbol-13-acetate. Viral DNA was analyzed by partial dena-
turation mapping and by use of the restriction endonucleases EcoRI, HindIll,
and Sall and separation of fragments in 0.4% agarose. By using the restriction
enzyme data of B95-8 (EBV) and W91 (EBV) obtained by Given and Kieff (D.
Given and E. Kieff, J. Virol. 28:524-542, 1978), maps were established for the
other virus strains. Comigrating fragments were assumed to be identical or closely
related among the different strains. Fragments of different strains migrating
differently were isolated, purified, radioactively labeled, and mapped by hybridi-
zation against blots of separated viral fragments. The results were as follows. (i)
All strains studied were closely related. (ii) The number of internal repeats was
variable among and within viral strains. (iii) B95-8 (EBV) was the only strain
with a large deletion of about 12,000 base pairs at the right-hand side of the
molecule. At the same site, small deletions of about 400 to 500 base pairs were
observed in P3HR-1 (EBV) and M-ABA (EBV) DNA. (iv) P3HR-1 (EBV), the
only nontransforming EBV strain, had a deletion of about 3,000 to 4,000 base
pairs in the long unique region adjacent to the internal repeats carrying a HindIII
site. (v) Small inserted sequences of 150 to 400 base pairs were observed in M-
ABA (EBV) and B95-8 (EBV) at identical sites in the middle of the long unique
region. (vi) Near this site, an insertion of about 1,000 base pairs was found in
P3HR-1 (EBV) DNA. (vii) The cleavage patterns of P3HR-1 virus DNA and the
results of blot hybridizations with P3HR-1 virus fragments are not conclusive and
point to the possibility that in addition to the normal cleavage pattern some viral
sequences may be arranged differently. Even though it is possible that small
differences in the genome organization may have significant biological effects, the
great similarity among different EBV strains does not favor the hypothesis that
disease-specific subtypes exist.

Epstein-Barr virus (EBV) causes widespread
inapparent infections in all human populations
(9). In addition, the virus is known to be the
etiological agent of infectious mononucleosis and
is closely associated with two human malignant
diseases, Burkitt's lymphoma and nasopharyn-
geal carcinoma (for a review, see references 10,
21, and 26). The great variability in the results
of infection by the virus has raised the question
as to whether different EBV strains may be
responsible for the manifestation of infectious
mononucleosis, Burkitt's lymphoma, and naso-
pharyngeal carcinoma. This paper is concerned
with the comparison of EBV isolates from dif-
ferent sources.
Due to the lack of a permissive tissue culture

system for propagation of the virus, only a lim-
ited number of isolates have been studied. Most
of these isolates have been characterized in
terms of their biological activity; biochemical
analysis has been restricted to those strains
which can be produced in sufficient quantity to
purify the virus and the viral DNA. Most com-
parative studies on purified viral DNA have
therefore been done with two strains, P3HR-1
(EBV) and B95-8 (EBV) (5, 19,38,41,46), which
differ in their biological properties (31) and more
recently with the W91 strain (15, 39). P3HR-1
virus is produced by a human lymphoid cell line,
which was derived by cloning from a Burkitt's
lymphoma line (23); after the cloning, P3HR-1
virus gradually lost its transforming ability (31),
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but showed the unique capacity to induce the
early antigen complex upon superinfection of
Raji cells (a nonproducer cell line of Burkitt's
lymphoma origin [22]). In contrast, B95-8 virus,
produced by a marmoset cell line transformed
by an isolate originally derived from a patient
with transfusion mononucleosis, is a transform-
ing virus incapable of early antigen induction in
Raji cells. P3HR-1 and B95-8 virus DNAs were
shown to have deletions of about 12,000 base
pairs at different positions of the genome (5),
located in the EcoRI A and C fragments, respec-
tively (39). Additionally, the P3HR-1 virus DNA
was found to be heterogeneous by partial dena-
turation analysis. The heterogeneity of P3HR-1
virus DNA appears to be the reason for pro-
nounced differences in the restriction enzyme
patterns obtained by different laboratories (13,
19, 28, 41, 43, 46). The piece of DNA present in
P3HR-1 (EBV) DNA and missing in the EcoRI
C fragment of B95-8 (EBV) DNA was also found
to be represented in the W91 strain, which is
derived from a Burkitt's lymphoma (15, 39).
Apart from P3HR-1 virus, all other EBV iso-

lates investigated, regardless of their origin, have
been found to have transforming potential.
These isolates include EBV from Burkitt's lym-
phomas either carried in cell lines derived di-
rectly from the tumors (11, 12, 34, 35) or ob-
tained by transformation of marmoset cells after
cocultivation with the lymphoma-derived lines
(30). Other isolates have been obtained from
malignant tumor cells of nasopharyngeal carci-
noma by cocultivation of nude mouse-grown tu-
mor fragments with human mononuclear cells of
EBV-seronegative adults. Improvement of virus
production could be obtained by passing the
transforming virus to marmoset lymphocytes,
resulting in the M-ABA line (3). Another source
of EBV isolates has been human cell lines estab-
lished from the peripheral blood of seropositive
healthy individuals or patients with different
diseases (7, 33, 36, 37).
Only some cell lines have provided enough

virus after induction with the tumor promoter
12-O-tetradecanoylphorbol-13-acetate (24, 29,
49, 50) to allow an analysis of viral DNA. Thus,
the DNAs of five strains (B95-8, CC34-5, P3HR-
1, M-ABA, and QIMR-WIL) (3, 23, 30, 32, 37)
were compared by partial denaturation mapping
and by analysis of fragments after cleavage with
restriction endonucleases.
Based on the linkage maps of B95-8 (EBV)

and W91 (EBV) DNAs published by Given and
Kieff (15), restriction enzyme maps were estab-
lished for P3HR-1 (EBV), CC34-5 (EBV),
QIMR-WIL (EBV), and M-ABA (EBV) DNAs.
The latter seemed particularly interesting to us,
since it represents the first isolate truly derived

from tumor cells of a nasopharyngeal carcinoma.
In contrast to the strains derived from EBV-
associated diseases, the QIMR-WIL lympho-
blastoid line was established from the peripheral
blood of an Australian patient with myeloblastic
leukemia (36) in the same way as isolations were
performed from other seropositive individuals
(7, 33).

MATERIALS AND METHODS

Cells. P3HR-1, B95-8, CC34-5, QIMR-WIL, and M-
ABA cells were grown in RPMI 1640 (GIBCO Labo-
ratories, Grand Island, N.Y.) with 10%o fetal calf serum,
100 U of penicillin per ml, and 100 ,ug of streptomycin
per ml. Cells were refed once weekly by replacing ha!f
of the medium. Initial cultures were obtained from G.
Henle and W. Henle (P3HR-1), J. Pope (QIMR-WIL),
and G. Miller (B95-8 and CC34-5). The virus produced
by the CC34-5 line is presumably very similar to that
produced by W91 cells (15), since the CC34-5 cell line
was established by transformation with W91 (EBV).
W91 is a marmoset line obtained by cocultivation with
the human Burkitt's lymphoma line Nyevu (30). Es-
tablishment and properties of the M-ABA line have
been described previously (3).
Virus and viral DNA. Induction of virus by 12-0-

tetradecanoylphorbol-13-acetate and purification of
virus and viral DNA were carried out as described
previously (18). Briefly, cells were kept for 10 to 12
days with 20 ng of 12-O-tetradecanoylphorbol-13-ace-
tate per ml and 0.1 to 1 ,Ci of [3H]thymidine (Amer-
sham Corp., Arlington Heights, Ill.) per ml. Cells were
sedimented by low-speed centrifugation and sus-
pended in 2 to 3 ml of distilled water. Virus was
collected from the supernatant by centrifugation at
18,000 rpm at 40C for 90 min in an R19 rotor (Beckman
Instruments, Inc., Fullerton, Calif.). The pellet was
suspended in virus standard buffer (10 mM Tris-hy-
drochloride [pH 7.41-10 mM KCl-5 mM EDTA) by
the aid ofa Dounce homogenizer. The virus suspension
was centrifuged for 60 min at 22,000 rpm at 40C on a
dextran T10 gradient (8) (5 to 30%, wt/vol) in an SW27
rotor (Beckman). The opalescent virus band was col-
lected by puncturing the side of the tube and concen-
trated by another centrifugation at 22,000 rpm at 40C
in the SW27 rotor. The virus pellet was resuspended
in virus standard buffer and stored at -70°C. Intra-
cellular virus was isolated by homogenizing the cells,
which had been suspended in water for 24 h at 40C, in
a Dounce homogenizer. Nuclei and cell debris were
removed by low-speed centrifugation, and the super-
natant was layered onto a dextran T10 gradient. Virus
purified from 5 to 7 liters of culture fluid was lysed by
addition of 0.1 volume of 10% (wt/vol) Sarkosyl NL
and 100,ug of proteinase K per ml and incubated for
1 to 2 h at 370C. CsCl and 10 mM Tris-hydrochloride
(pH 7.4)-l mM EDTA were added to give a final
volume of about 10 ml and a fmal density of 1,705 g/
ml. The DNA was centrifuged at 30,000 rpm at 230C
for 72 h in a 50 Ti rotor (Beckman). The DNA was
collected from the bottom of the tube through a sy-
ringe needle (1.25 by 50 mm) at a restricted flow rate.
Samples were pipetted into 4 ml of water and counted
in a toluene-Triton X-100 (2:1)-based scintillator.
Viral DNA was pooled, dialyzed against 10 mM Tris-
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hydrochloride (pH 7.4)-i mM EDTA, and stored at 0
to 40C.

Partial denaturation of viral DNA. DNA was
partially denatured in 6M sodium perchlorate-10mM
sodium phosphate (pH 7.0)-i mM EDTA in the pres-
ence of formaldehyde by incubating the sample for 30
to 60 min at 400C as described previously (5). After
the DNA was chilled in ice, salt and formaldehyde
were removed on a small Sephadex G-100 column (3
by 0.2 cm), which was equilibrated with spreading
buffer (0.1 M Tris-hydrochloride [pH 8.5]-10 mM
EDTA-30% formamide). The DNA was eluted from
the column with spreading buffer.

Preparation of DNA for electron microscopy.
Cytochrome c (type V; Sigma Chemical Co., St. Louis,
Mo.) was added to a final concentration of 100 ,.g/ml,
and the DNA was spread on a 10% formamide hypo-
phase (4). PM2 or T7 DNA or both were included as
internal size markers, with molecular weights of 6.64
x 10' and 26.4 x 106, respectively (45).

Grids were stained with uranyl acetate, rotary
shadowed with Pt-Pd, and examined in a Philips 301
electron microscope at 40 kV. Length measurements
were made with the aid of a length-measuring device
(Briihl L5) connected to a Wang 720C calculator.
Orientation of the denaturation maps was achieved by
visually correlating the most characteristic clusters of
adenine-plus-thymine (A+T) and guanine-plus-cyto-
sine (G+C) pairs. The scales of the histograms corre-
spond to the lengths determined for native DNAs of
the different strains.

Cleavage with restriction endonucleases and
gel electrophoresis. The restriction enzymes EcoRI,
HindIII, and SalI were purchased from New England
Biolabs, Beverly, Mass. Viral DNA was digested at
37°C for 2 to 3 h (EcoRI) or overnight in buffers
indicated by New England Biolabs. After extraction
with chloroform-isoamyl alcohol (24:1)- and ethanol
precipitation, samples were loaded onto 0.4% horizon-
tal agarose gels in slots of 7-, 4.5-, 3-, or 1.5-mm width.
Electrophoresis was carried out at 40 V for 12 to 18 h
in buffer containing 36 mM Tris-hydroxide-30 mM
sodium phosphate (pH 7.9)-i mM EDTA and 0.5 ,ug
of ethidium bromide per ml. Bands were visualized on
a 254-nm transilluminator (UV Products, San Gabriel,
Calif.) and photographed with a Polaroid camera with
a Kodak wratten 23A filter. Fragments were trans-
ferred to nitrocellulose (Schleicher and Schiull, Dassel,
West Germany) by the method of Southern (44) with
modifications described by Botchan et al. (1).

Isolation of restriction enzyme fragments. For
preparative isolation of fragments, 2 to 10 ug of di-
gested DNA was loaded onto slots (14 to 35 by 1 mm)
in 0.4% agarose gels. After separation of fragments,
the gel was photographed on a 302-nm transillumina-
tor (UV Products). As described by Tabak and Flavell
(47), the gel was turned by 900 in the electrophoresis
chamber, and the fragments were electrophoresed
onto an adsorbent placed in front of the DNA frag-
ments. The adsorbent hydroxyapatite or malachite
green coupled to polyacrylamide (2, 27) (Boehringer,
Mannheim, West Germany) was placed into small U-
shaped pockets (of 6-mm width and 1.5-mm depth)
covered on both sides with a nylon net. Fragments
running closely together were separated by cutting the

gel between the fragments, by moving them apart, and
by filling new agarose into the space between them.
All manipulations with the gel were controlled on the
302-nm transilluminator. After electrophoresis of the
DNA onto the adsorbent, the pockets were removed
from the gel, and the adsorbent was pipetted onto
small Sephadex G-50 columns (5 by 0.35 cm) equili-
brated with 10 mM Tris-hydrochloride (pH 7.4)-i mM
EDTA. DNA was eluted from hydroxyapatite with 0.5
M sodium phosphate (pH 6.8) and from malachite
green coupled to polyacrylamide with 1 M sodium
perchlorate-10 mM Tris-hydrochloride (pH 7.4)-i
mM EDTA in a total volume of 250 d.

Labeling of viral DNA and DNA fragments.
DNA and DNA fragments were labeled by nick trans-
lation with [nP]TTP (Amersham Corp.; 300 to 400 Ci/
mmol in a total volume of 50 to 100 pl by the procedure
of Rigby et al. [40]. Non-incorporated triphosphates
were removed on a Sephadex G-50 column.

Hybridization. Hybridization was carried out in
polyethylene bags in a buffer containing 50% form-
amide, 3x SSC (lx SSC is 0.15 M sodium chloride
plus 0.015 M sodium citrate), 0.02% bovine serum
albumin, 0.02% polyvinylpyrrolidone, 0.02% Ficoll (6),
100 ug of denatured salmon sperm DNA per ml, and
1 x 105 to 5 x 105 cpm of heat-denatured labeled
probe. The volume of the hybridization reaction was
about 0.1 ml/cm2. Hybridization was performed at 42
to 45°C for 3 to 4 days. Before hybridization, the filters
were incubated for at least 2 h (usually overnight) at
the same temperature and in the same solution with-
out the labeled probe. Some experiments were done in
10% dextran sulfate (Pharmacia Fine Chemicals, Pis-
cataway, N.J.) as described by Wahl et al. (48).

After hybridization, blots were washed four or five
times in 2x SSC-0.5% sodium dodecyl sulfate at room
temperature until no radioactivity could be detected
in the washing fluid by a hand monitor. The blots
were again sealed into polyethylene bags and incu-
bated with shaking in 40 to 50 ml of 2x SSC-0.5%
sodium dodecyl sulfate at 68°C for 1 to 2 h. After two
or three additional washes at room temperature, the
filters were washed briefly in water and air dried.
Autoradiograms were made with a Kodak Royal X-
omat film by using an intensifying screen (Du Pont
Cronex Lightning-Plus).

RESULTS
Partial denaturation of QIMR-WIL

(EBV), M-ABA (EBV), and CC34-5 (EBV).
Viral DNA of the strains QIMR-WIL, CC34-5,
and M-ABA was partially denatured at a neutral
pH and low temperature in high concentrations
of sodium perchlorate. After desalting, the mol-
ecules were spread in formamide and viewed in
the electron microscope. The positions of loops
representing A+T-rich areas were determined.
The molecules were linearly aligned and ori-
ented according to characteristic A+T- and
G+C-rich areas.

Figure 1 shows the partial denaturation his-
tograms of QIMR-WIL (EBV) DNA obtained
from 16 molecules denatured to 37.2% and from
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FIG. 1. Partial denaturation histograms ofQIMR- WIL (EBV) DNA compiled from 16 molecules denatured
to 37.2 + 2.1% (A) and from 18 molecules denatured to 66.1 ± 2.7%F (B). Each line represents one molecule.
Dark areas correspond to denatured parts of the molecules, and white areas correspond to native parts of the
molecules. The maximal height corresponds to denaturation in 100% of the molecules.

18 molecules denatured to 66.1%. Distinct re-

gions of the molecules were preferentially de-
natured, resulting in a histogram with charac-
teristic peaks at defined positions of the viral
genome. At both ends, the distance from the
terminus to the first denaturation loop varied
among individual molecules, but was less pro-

nounced than that observed earlier with P3HR-
1 virus DNA. At the higher degree of denatura-
tion, the fine structure of the histogram was lost
within the A+T-rich areas; however, a row of
peaks about 0.02 map unit apart from each other
was observed in the G+C-rich part at the left-
hand side of the molecule (0.08 to 0.2 fractional
length), representing the internal repeats (16, 20,
41). Six small, evenly spaced peaks can be
counted directly. One additional repeat may be
hidden within the flanking A+T-rich sequences,
resulting in a number of six or seven internal
repeats in this virus strain. At the higher dena-
turation, two sites particularly rich in G+C were

observed at positions 0.36 and 0.83, flanking the
large A+T-rich area of the molecule (0.37 to 0.83
fractional length).
The partial denaturation maps of M-ABA

(EBV) and CC34-5 (EBV) DNA molecules were

very similar to those observed for QIMR-WIL
(EBV). Therefore, the individual maps are not
shown. The histograms obtained from the de-
naturation maps of both strains are shown in
Fig. 2. The only difference clearly discernible is
the number of internal repeats in the left part of
the molecules. In the histogram of M-ABA
(EBV), only four peaks corresponding to four to
five repeats could be detected. In the denatura-
tion maps of 16 individual M-ABA (EBV) DNA
molecules, it became apparent that 4 of these
molecules had a higher molecular weight by
about 8 x 106 to 10 x 106 and contained four to
five additional internal repeats. One molecule
was observed with apparently only two or three
internal repeats. In the case of CC34-5 (EBV)

J. VIROL.
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FIG. 2. Partial denaturation histograms ofM-ABA (EBV), QIMR-WIL (EBV), P3HR-1 (EBV) (5), B95-8
(EBV) (5), and CC34-5 (EBV) DNAs and EcoRI, SalI, and HindIII restriction endonuclease cleavage sites in
CC34-5 (EBV) DNA. The restriction endonuclease data are taken from Given and Kieff (15) and are modified
according to the data reported in this paper. The histograms are adjusted to the molecular weights determined
for the DNAs of the different strains. Average denaturations were 40.4 ± 2.6% for M-ABA (EBV), 37.2 ± 2.1%
for QIMR-WIL (EBV9, 25.0 ± 3.0% for P3HR-1 (EBV), 33.8 ± 5.4% for B95-8 (EB V), and 20.7 ± 3.3% for CC34-
5 (EBV) DNAs. The thick arrows and the long arrows point to large and small deletions, respectively; the
short arrows point to sites of sequence insertions. Fragment HindIII-O is located either right or left of
HindIII-I,.

DNA, the rate of denaturation was not sufficient
to observe the repeats. The size of the unde-
natured area between the flanking A+T-rich
parts suggests, however, that 10 internal repeats
are present in this strain.
Comparison of the partial denaturation

maps of QIMR-WIL (EBV), M-ABA (EBV),
and CC34-5 (EBV) with those of B95-8
(EBV) and P3HR-1 (EBV). For a comparison
of the denaturation histograms of the different
viral strains, the molecular weights of the DNAs
had to be determined. This determination was
done in the electron microscope by a length
comparison of viral DNAs of the five strains
with the length of T7 DNA used as an internal
size marker. The molecular weights thus ob-
tained were as follows: (i) 121 x 106 ± 1.9% for
CC34-5 (EBV) DNA, (ii) 114 x 106 ± 2.1% for
B95-8 (EBV) DNA, (iii) 111 x 106 + 2.5% for
QIMR-WIL (EBV) DNA, (iv) 110 x 106 + 1.8%
for P3HR-1 (EBV) DNA, and (v) 109 x 106 ±
2.8% for M-ABA (EBV) DNA. These values are
somewhat higher than those published for
P3HR-1 (EBV) and B95-8 (EBV) DNAs by
Pritchett et al. (38). Our molecular weight esti-
mate of B95-8 (EBV) DNA is, however, in good
agreement with the revised value of Given and

Kieff (16), obtained from a detailed restriction
enzyme analysis. A few partially denatured mol-
ecules deviating significantly from these average
lengths [as those M-ABA (EBV) DNA mole-
cules described above with higher and lower
numbers of internal repeats] were excluded from
the construction of a histogram. The lengths of
the histograms were adjusted to the molecular
weights determined for the DNAs of the viral
strains. The partial denaturation histograms of
the DNAs of the different strains were aligned
to each other, with gaps accounting for the dif-
ferences in repeat units posed to the right side
of the internal repeat region. Three factors in-
troduce inaccuracies into the scale of the histo-
grams. (i) The predominant number of terminal
repeats may be different among different strains.
Thus, a higher variation of the length of the
terminus has been observed in the partial de-
naturation maps of P3HR-1 (EBV) DNA (5). (ii)
The high standard deviation observed in the
length measurements may not be due only to
variations in the number ofinternal and terminal
repeats (17, 25), but may also be due to nonpro-
portional stretching along these molecules dur-
ing the spreading procedure. (iii) Insertions or
deletions which are too small to be detected by
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partial denaturation analysis may be present in
different strains. By analysis of restriction en-
donuclease fragments, it will be shown that such
small insertions and deletions are indeed present
in different viral strains.
With these reservations, a comparison of the

denaturation histograms revealed the following.
(i) The denaturation patterns of M-ABA (EBV),
QIMR-WIL (EBV), and CC34-5 (EBV) did not
show significant differences, apart from the var-
iation in the number of internal repeats. (ii)
Accordingly, the large deletion of 12,000 base
pairs at the right-hand side of the B95-8 (EBV)
genome was a unique feature of this virus strain.
(iii) In the DNA preparations of B95-8 (EBV)
and CC34-5 (EBV) studied here, the average
number of internal repeats was identical. (iv)
The region of the genome adjacent to the right-
hand side of the internal repeats was character-
ized by an A+T-rich double peak in the histo-
grams of all strains (0.19 to 0.23 and 0.23 to 0.28
fractional lengths in Fig. 1), except for P3HR-1
(EBV) DNA, in which a sequence of about 3,000
to 4,000 base pairs neighboring the internal re-
peats was deleted.
Comparison of the viral DNAs by use of

restriction endonucleases. Partial denatura-
tion analysis revealed that the DNAs of CC34-5
(EBV), QIMR-WIL (EBV), and M-ABA (EBV)
are closely related and that QIMR-WIL (EBV)
and M-ABA (EBV) contain the sequences pres-
ent in P3HR-1 (EBV) and CC34-5 (EBV) which
are missing in B95-8 virus DNA. Since partial
denaturation mapping can reveal only major
differences in the DNAs of viral strains, the
DNAs of these strains were analyzed further on
0.4% agarose gels after digestion with restriction
endonucleases. Analysis and mapping of the
fragments were largely facilitated by the fact
that linkage maps of EcoRI, HsuI, and SalI
fragments of B95-8 (EBV) DNA were published
by Given and Kieff (15). Since these data were
available, the DNAs of the different strains were
analyzed with the same endonucleases (the iso-
schizomer HindIII was used instead of HsuI). It
was assumed that fragments which comigrate
with B95-8 (EBV) are identical or closely related
and have the same map positions on the genome.
Fragments migrating differently were isolated,
purified by a second electrophoresis in agarose,
labeled by nick translation with [32P]TTP, and
hybridized to blots of separated fragments to
determine their positions on the genome. The
nomenclature of Given and Kieff for the frag-
ments of B95-8 (EBV) and W91 (EBV) DNAs
was adopted. For the fragments of the other
strains, including those of P3HR-1 (EBV), we
attempted to apply the same nomenclature to
corresponding fragments. It was not possible to

follow this rule in all instances. Deviations were
necessary, particularly in the cases of some large
fragments [P3HR-1 (EBV) HindIII-A, -B, and
-C; QIMR-WIL (EBV) HindIII-B and -C;
P3HR-1 (EBV) and M-ABA (EBV) Sall-A and
-B]. Thus, the nomenclature of P3HR-1 (EBV)
fragments used here does not follow any of the
published reports (13, 19, 29, 41, 43, 46).
Cleavage with EcoRI. Figure 3a shows the

fragment pattern of the DNAs of the virus
strains P3HR-1, M-ABA, CC34-5, QIMR-WIL,
and B95-8 after digestion with EcoRI and sepa-
ration of the fragments. The patterns obtained
from the different strains are obviously very
similar. At the right, B95-8 (EBV) DNA frag-
ments are labeled from A to N. At the left,
P3HR-1 (EBV) DNA fragments are labeled ac-
cordingly. When the fragment patterns of the
different strains are compared, the following ob-
servations can be made. (i) The size of the A
fragments varies among different strains. In M-
ABA (EBV) DNA, a faint band is visible above
the fragment. (ii) The B and C fragments of
CC34-5 (EBV) DNA may be separated if little
DNA is loaded onto the gel. Under optimal
conditions, the B and C bands of P3HR-1 (EBV)
and less pronounced of M-ABA (EBV) can also
be separated. The B and C bands of QIMR-WIL
(EBV), however, were always found to be co-
migrating. (iii) In P3HR-1 (EBV) DNA, sub-
molar bands with molecular weights of 14 x 106
to 18 x 106 (C', C", and C"') are observed. These
fragments are not found in all P3HR-1 virus
DNA preparations. They apparently represent
some of the fragments, giving rise to the confu-
sion existing if one compares published P3HR-1
(EBV) DNA cleavage patterns (19, 29, 41, 43,
46). (iv) Another submolar fragment with a mo-
lecular weight of 10 x 106, probably representing
part of the right terminus, is observed in P3HR-
1 virus DNA. (v) The double molar fragment
G1,2 with a molecular weight of 4.2 x 106 is
unimolar in P3HR-1 (EBV) DNA. (vi) The I
fragment with a molecular weight of 2.7 x 106 is
double molar in P3HR-1 (EBV) DNA. (vii)
P3HR-1 (EBV) contains an additional fragment,
J2, with a molecular weight of 1.5 x 106. (viii)
The K fragment of P3HR-1 (EBV) DNA mi-
grates slightly faster than that of the other
strains. (ix) The I fragment is missing in M-ABA
(EBV). (x) The K fragment is absent from CC34-
5 (EBV).
From the partial denaturation data, the vari-

ation in the size of the EcoRI A fragment can be
easily explained by the different numbers of
internal repeats present within the different
strains. The larger size of the CC34-5 (EBV) B
fragment and the missing K fragment could be
due to the loss of a cleavage site between the
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FIG. 3. (a) Pattern of P3HR-1 (EBV9 (P), M-ABA (EBV9 (M), CC34-5 (EBV) (C), QIMR-WIL (EBV) (Q),
and B95-8 (EBV) (B) DNA fragments after digestion with EcoRI and electrophoresis in 0.4% agarose. The
molecular weights of the large fragments were taken from Given and Kieff (16). The molecular weights of
fragments L, M, and N are only rough estimates, since molecular weight markers below 10" had not been
included in the gel. (b, c, and d) Autoradiograms of blots of EcoRI fragments of P3HR-1 (EBV) (P), CC34-5
(EBV) (C), B95-8 (EBV) (B), and M-ABA (EBVb (M) DNAs after hybridization with 32P-labeled fragments
B95-8 (EBV) EcoRI-K (b), P3HR-1 (EBV) EcoRI-Ii,2 (c), and P3HR-1 (EBV) EcoRI-J2 (d).

neighboring K and B fragments. To test this, the
B95-8 (EBV) K fragment was isolated, labeled
in vitro with [32P]TTP, and hybridized to blots
containing CC34-5 virus DNA digested with
EcoRI. As shown in Fig. 3b, the B95-8 (EBV)
EcoRI K fragment hybridized to B95-8 (EBV)
and P3HR-1 (EBV) K fragments and to CC34-5
(EBV) EcoRI-B.
The nature of the submolar bands of P3HR-1

(EBV) DNA not present in all P3HR-1 virus
DNA preparations has not been fully elucidated
and is the subject of a separate study. The
appearance of two new fragments in P3HR-1
(EBV) DNA EcoRI-12 and -J2 with a compiled
molecular weight equaling that of the missing
G2 fragment suggested that P3HR-1 (EBV) con-

tains an additional cleavage site in this fragment.
To verify this assumption, P3HR-1 (EBV)
EcoRI-J2 and P3HR-1 (EBV) EcoRI-I,2 were

isolated, labeled, and hybridized to blots con-

taining separated EcoRI fragments of P3HR-1
(EBV), CC34-5 (EBV), and B95-8 (EBV). Figure
3c shows the result of the hybridization with
P3HR-1 (EBV) EcoRI-J2. It hybridized to
P3HR-1 (EBV) EcoRI-J2 and to CC34-5 (EBV)
and B95-8 (EBV) EcoRI-G1,2. In addition, a spe-
cific hybridization to EcoRI H fragments of all

strains (or minor fragments migrating at the
same position) and to P3HR-1 (EBV) EcoRI-C'
was observed with prolonged exposure of the
autoradiograms. The reason for this is not un-

derstood and is under investigation.
Hybridization with P3HR-1 (EBV) EcoRI-11,2

to blots containing separated EcoRI fragments
of P3HR-1 (EBV), M-ABA (EBV), and B95-8
(EBV) revealed hybridization to P3HR-1 (EBV)
EcoRI-11,2, to M-ABA (EBV) EcoRI-G1,2 and
EcoRI-het and to B95-8 (EBV) fragments
EcoRI-I and -G1,2 (Fig. 3d). This clearly indicates
that the P3HR-1 (EBV) EcoRI fragments 12 and
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J2 contain sequences present in the EcoRI G2
fragments ofthe other strains. The hybridization
to M-ABA (EBV) EcoRI-het additionally re-
veals that the left cleavage site of the EcoRI
fragment I is missing in M-ABA (EBV), localiz-
ing the EcoRI-I sequences into the left terminal
fragment of M-ABA (EBV) DNA. Details of the
hybridization of both fragments to blots of sep-
arated EcoRI, HindIII, and Sall fragments are
summarized in Table 1, describing the overlap
regions to other fragments and showing that
P3HR-1 (EBV) EcoRI-I2 is located to the left of
J2. Fragment P3HR-1 (EBV) EcoRI-J2 hybrid-
ized to one of the submolar P3HR-1 (EBV)
HindIII fragments (E"'). The sequence organi-
zation of the submolar P3HR-1 (EBV) frag-

ments is being studied at present.
Cleavage with HindIl. The cleavage pat-

tern of the viral DNAs with HindIII is shown in
Fig. 4a. At the right, the designation of B95-8
(EBV) fragments is described; at the left, that of
P3HR-1 (EBV) fragments is described. The des-
ignations of the fragments of M-ABA (EBV),
CC34-5 (EBV), and QIMR-WIL (EBV) are
shown in Fig. 4b.
An analysis of the cleavage pattern revealed

the following. (i) The A fragments of the differ-
ent strains differ in size. The A fragment of M-
ABA (EBV) is split into a faint large fragment
and into a more prominent smaller fragment
which comigrates with fragment B. (ii) A frag-
ment corresponding to CC34-5 (EBV), B95-8

TABLE 1. Hybridization of 32P-labeled viral fragments with separated fragments of various DNAs after
digestion with EcoRI, HindIII, and Sal"

2P-labeled viral frag- Viral DNA on blot EcoRI Hindlll Sall

P3HR-1 (EBV)
EcoRI-I,2

P3HR-1 (EBV)
EcoRI-J2

B95-8 (EBV)
EcoRI-K

B95-8 (EBV)
EcoRI-L

B95-8 (EBV)
EcoRI-M

B95-8 (EBV)
EcoRI-N

QIMR-WIL (EBV)
HindIII-C

QIMR-WIL (EBV)
HindIII-E2

QIMR-WIL (EBV)
HindIII-O

P3HR-1 (EBV)
Sall-C

P3HR-1
M-ABA
B95-8

B3HR-1
B95-8
CC34-5

P3HR-1
B95-8
CC34-5

P3HR-1
B95-8

B95-8

P3HR-1
B95-8

P3HR-1
B95-8

B95-8
QIMR-WIL

P3HR-1
B95-8

P3HR-1

B95-8

I
G1,2 het
G1,2, I

J2 (C', H)
G,2 (H)
G1.2 (H)

K
K
B

A, J, M, N (A')
AB, J, M, N
A, J, M, N (B)

J, G, E"'

E
E
E

L
L

A
B

M E

N
N

E, H
E, H

A
A

B, D, G'I, het
D, C, G'I, het
A, C, G',, het

D

C
C
C

D
C

C

D
D

A
B

B
E2

B
B

0
0

BC, F, K, M
(D het)

B, F, K, M (C,
D, het)

E, H,
EH,)

E, H, I

I (G, C, E',

(D, G)

B, G,, E
A, G,, E

E (B)

F
F

C (CD het)

C (D het)

P3HR-1 (EBV)
SalI-D

P3HR-1

B95-8

F, I, J2, L (G)

F, G,2, L

G, H, J, M, N, E"'
(A, A', B, C, D, E)

G, J, M, N. (H, B,
D)

a Fragments which hybridized weakly with the labeled probe are placed within parentheses.

D (C, E)

C (D het, E)

J. VIROL.



COMPARISON OF DNAs OF DIFFERENT EBV STRAINS 611

P M C Q B

P3HR-1

x 106

42 AAA'

176 BIB
11.3 C
95 D
84 E

E
E11
E11

G

H

1.2
J

13 K
L 1

0.9 L2

Ml
M2N

0

E
B 95-8

x 106

A 34
c 17.6

D 13 8

E 77

F 4.0
G 3.4
H 30

12.12 2.19J 19

K 14

L 1.1

E M 065

N 0.5

0 035

C !_

b
M ABA

... A B 20
I C 7.6

b_ D 95
E 7 7

::,. Fi

H

Knl
_K2

L

d p

CC 34 -S

. A 34
B 20
,C 176

:

D 3
.t DI 9 8

r e36 E 7 7

...::::

::,'

6:..

FIG. 4. (a and b) Pattern of P3HR-1 (EBV) (P), M-ABA (EBV) (M), CC34-5 (EBV) (C), QIMR- WIL (EBV)
(Q), and B95-8 (EBV) (B) DNA fragments after cleavage with HindIII and separation of fragments in 0.4%
agarose. Designations and molecular weights offragments are shown in (a) and (b). The three central lanes
of (a) are shown separately in (b). The molecular weights of the large fragments were taken from Given and
Kieff (16). Due to the lack of appropriate molecular weight markers, the molecular weights offragments M, N,
and 0 are only rough estimates. (c and d) Autoradiograms of blots containing separated HindIII fragments
of P3HR-1 (EBV) (P), CC34-5 (EBV) (C), and B95-8 (EBV) (B) DNAs after hybridization uwith 32P-labeled
CC34-5 (EBV) HindIII fragmnents K, (c) and K2 (d).

(EBV), and M-ABA (EBV) HindIII-B (molec-
ular weight, 20 x 106) is missing in P3HR-1
(EBV) and QIMR-WIL (EBV) DNAs. (iii) The
HindIII B fragments of P3HR-1 (EBV) and
QIMR-WIL (EBV) correspond to the HindIII C
fragments of CC34-5 (EBV), B95-8 (EBV), and
M-ABA (EBV) (molecular weight, 17.6 x 106).
(iv) P3HR-1 (EBV) HindIII-C corresponds to
HindIII-D, of CC34-5 (EBV), M-ABA (EBV),
and QIMR-WIL (EBV). In some P3HR-1 virus
DNA preparations, this fragment is double mo-

lar. (v) P3HR-1 (EBV) HindIII-D (molecular
weight, 9.5 x 106) and M-ABA (EBV) HindIII-
D2 are slightly smaller than the corresponding
fragments of CC34-5 (EBV) and QIMR-WIL
(EBV) (molecular weight, 9.8 x 106). (vi) The
HindIII E fragment of P3HR-1 (EBV) (molec-
ular weight, 8.4 x 106) is significantly larger than
the HindIII E fragments of the other strains
(molecular weight, 7.7 x 106). (vii) QIMR-WIL
(EBV), missing the fragment with a molecular
weight of 20 x 106, contains two additional frag-
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ments, QIMR-WIL (EBV) HindIII-C (molecular
weight, 13.5 x 106) and HindIII-E2 (molecular
weight, 6.5 x 106). (viii) In some, but not in all,
P3HR-1 (EBV) DNA preparations, additional
submolar fragments may be observed: HindIIl-
A' (molecular weight, 30 x 106), HindIII-B' (mo-
lecular weight, 15 x 106), and HindIII-E', -E",
and -E"' (molecular weights, 6.2 x 106, 5.0 x 106,
and 4.4 x 106, respectively). (ix) M-ABA (EBV)
contains two submolar fragments with molecular
weights of 4.7 x 106 and 4.3 x 106, probably
representing part of the right terminus. (x)
P3HR-1 (EBV), CC34-5 (EBV), and QIMR-WIL
(EBV) have a double molar fragment, HindIll-
11,2, with a molecular weight of 2.1 x 106. In M-
ABA (EBV) and B95-8 (EBV), the HindIII I,
fragments are slightly larger than those in the
other strains (molecular weights, 2.35 x 106 and
2.2 x 106, respectively). (xi) The HindIII K1
fragment (molecular weight, 1.4 x 106) is missing
in P3HR-1 virus DNA. However, P3HR-1
(EBV) contains two new fragments, HindIII-L2
(molecular weight, 0.85 x 106) and -M2 (molec-
ular weight, 0.55 x 106). (xii) The HindIII K2
fragment (molecular weight, 1.3 x 106) is missing
in B95-8 virus DNA.
As observed in EcoRI cleavage patterns, the

variability in the size of the HindIII A fragments
of CC34-5 (EBV), B95-8 (EBV), M-ABA (EBV),
and QIMR-WIL (EBV) can be explained by the
different number of internal repeats present in
this fragment. The large size of the P3HR-1
(EBV) HindlIl A fragment is due to the fact
that a HindIII cleavage site is deleted in this
strain. This was first suggested by the partial
denaturation data localizing a deletion of about
3,000 to 4,000 base pairs into this region. Further
evidence came from hybridization with the
QIMR-WIL (EBV) HindIII C fragment, which
hybridized to B95-8 (EBV) HindIII-B and to
P3HR-1 (EBV) HindIII-A (Table 1). QIMR-
WIL (EBV) HindIII-E2 hybridized also to B95-
8 (EBV) HindIII-B, indicating that the QIMR-
WIL (EBV) C and E2 fragments correspond to
the HindIII B fragments of B95-8 (EBV), CC34-
5 (EBV), and M-ABA (EBV). The results of the
hybridization with both fragments are summa-
rized in Table 1 (autoradiograms not shown),
locating QIMR-WIL (EBV) HindIII-E2 to the
right of HindIII-C and determining the overlaps
to other fragments.
The nature of the submolar P3HR-1 (EBV)

fragments A', B', E', E", and E"' is not under-
stood and is presently under investigation. The
size difference between the HindIII D and D2,
HindIII E, and HindIII I fragments of the dif-
ferent strains was studied in more detail and will
be described below.
The HindlIl K, and K2 fragments, which were

not found in P3HR-1 (EBV) and B95-8 (EBV)
DNAs, respectively, were isolated from sepa-
rated CC34-5 (EBV) HindIII fragments and hy-
bridized to blots of separated P3HR-1 (EBV),
CC34-5 (EBV), and B95-8 (EBV) HindIII frag-
ments (Fig. 4c and d). CC34-5 (EBV) HindIll-
K1 hybridized to CC34-5 (EBV) and B95-8
(EBV) HindIII-K, and to two smaller P3HR-1
(EBV) fragments, HindIII-L2 (molecular weight,
about 0.85 x 106) and HindIII-M2 (molecular
weight, about 0.55 x 106). CC34-5 (EBV)
HindIII-K2 hybridized to P3HR-1 (EBV)
HindIII-K and CC34-5 (EBV) HindIII-K2, but
not to B95-8 (EBV) DNA fragments. Since the
deletion in B95-8 (EBV) DNA is flanked by
sequences present in the CC34-5 (EBV) HindIII
DI and D2 fragments, CC34-5 (EBV) HindIII-K2
must be located between HindIII-D, and -D2.
Cleavage with Sall. The fragment pattern

after cleavage with SalI (Fig. 5a) permits the
following points to be made. (i) Fragments of
the size of CC34-5 (EBV), B95-8 (EBV), and
QIMR-WIL (EBV) SalI-A are missing in P3HR-
1 (EBV) and M-ABA (EBV) DNAs. (ii) Sall A
fragments ofP3HR-1 (EBV) and M-ABA (EBV)
correspond in size to CC34-5 (EBV), B95-8
(EBV), and QIMR-WIL (EBV) Sall B frag-
ments. (iii) Fragments of the size of P3HR-1
(EBV) and M-ABA (EBV) SalI-B (molecular
weight, 22 x 106) are not found in the other
strains. (iv) In P3HR-1 (EBV), a fragment with
a molecular weight of 20 x 106 (SalI-C of the
other strains) is missing. However, this strain
contains two additional fragments, Sall-C (mo-
lecular weight, 11.5 x 106) and SalI-D (molecu-
lar weight, 8.5 x 106). The P3HR-1 (EBV) SailI
C fragment appears to be more prominent,
maybe due to comigration with the terminal
fragment SalI-CD het. (v) P3HR-1 (EBV) con-
tains a set of submolar fragments in the range
between molecular weights of 6 x 106 and 22 x
106. (vi) Terminal fragments SaiI-D het are
somewhat smaller in CC34-5 (EBV) and QIMR-
WIL (EBV) DNAs than they are in the other
strains. (vii) The SailI F fragments of M-ABA
(EBV) (molecular weight, 5.2 x 106) and B95-8
(EBV) (molecular weight, 5.1 x 106) are some-
what larger than the corresponding Sall F frag-
ments of the other strains (molecular weight, 5.0
X 106). (viii) Fragments SaII-G2 and -G3 are
missing in B95-8 virus DNA.

Starting with the description of the large frag-
ments, it was obvious that all strains contain a
fragment with a molecular weight of 22 x 106
[SalI-B of CC34-5 (EBV), B95-8 (EBV), and
QIMR-WIL (EBV) and SalI-A of P3HR-1
(EBV) and M-ABA (EBV)], with presumably
corresponding sequences. If so, it had to be
assumed that the sequences present in Sall-A
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FIG. 5. (a) Pattern of P3HR-1 (EBIV (P), M-ABA (EBV) (M), CC34-5 (EBV) (C), QIMR-WIL (EBV) (Q),
and B95-8 (EBV) (B) DNA fragments after cleavage with SailI and separation offragments in 0.4% agarose.
Designations and molecular weights are given for P3HR-1 (EBV) fragments at the left side and for B95-8
(EBV) DNA fragments at the right side. (b and c) Autoradiograms of blots containing separated SalI (left
lanes) and HindIIIfragments (right lanes) ofCC34-5 (EBV) (C) and B95-8 (EBV) (B) DNAs after hybridization
with 32P-labeled CC34-5 (EBV) SalI-G2 (b) and CC34-5 (EBV) SalI-G., (c).

of CC34-5 (EBV), B95-8 (EBV), and QIMR-WIL
(EBV) would be located in SalI-B of P3HR-1
(EBV) and M-ABA (EBV). To test this, P3HR-
1 (EBV) fragments SalI-A and -B were isolated
and redigested with BgiII. The cleavage pattern
revealed that P3HR-1 (EBV) Sall-B contains
the internal repeats, thus locating this fragment
to the left-hand side of the P3HR-1 (EBV) ge-
nome (data not shown).

Hybridization with labeled P3HR-1 (EBV)
fragments Sall-C and -D revealed that homol-
ogous sequences are represented in B95-8 (EBV)
SalI-C. Details of the hybridization are given in
Table 1, providing evidence that P3HR-1 (EBV)
SaiI-D is located to the left of P3HR-1 (EBV)
SalI-C. Hybridization of P3HR-1 (EBV) SalI-D
to P3HR-1 (EBV) HindIII-E"' cannot be inter-
preted at present and may point to sequence
rearrangements within the P3HR-1 (EBV) ge-
nome. Both fragments, P3HR-1 (EBV) Sall-C
and -D, hybridized weakly to a number of other
fragments (Table 1), probably due to cross con-
tamination and to contamination with the right
terminal fragment SalI-CD het.
The submolar P3HR-1 (EBV) fragments

probably belong in part to the terminal fragment
Sall-CD het. However, their nature is not fully
established. CC34-5 (EBV) fragments SaII-G2

and -G3, missing in B95-8 virus DNA, were iso-
lated, labeled, and hybridized to blots of sepa-
rated CC34-5 (EBV) and B95-8 (EBV) Sall and
HindIIl fragments. As shown in Fig. 5b and c,
CC34-5 (EBV) SaiI-G2 hybridized to CC34-5
(EBV) SaiI-G2 and HindIII-D, and only weakly
to B95-8 (EBV) SalI-B and HindIII-D. CC34-5
(EBV) SaiI-G3 hybridized to CC34-5 (EBV)
SaiI-G3 and to HindIII-D2 and -K2, but not at
all to B95-8 (EBV) DNA fragments. From the
intensity of hybridization ofCC34-5 (EBV) Sall-
G2 to B95-8 (EBV) fragments, it may be esti-
mated that about 15 to 25% of the sequences of
the right side of the SailI G2 fragment are rep-
resented in the B95-8 (EBV) SailI B fragment.
The differences in the sizes of the SailI F

fragments of the different strains were studied
in more detail and are described below.
Deletions and insertions. As described

above, some fragments of the different strains
differ in size (Fig. 3a, 4a, and 5a). Besides those
carrying the internal or terminal repeats, size
variations were observed in the following frag-
ments: EcoRI-B, HindIII-D2 [corresponding to
P3HR-1 (EBV) HindIII-D], EcoRI-K, HindIII-
E, HindIII-I,, and Sall-F. The larger size of the
EcoRI B fragment of CC34-5 (EBV) was ex-
plained by the fact that a cleavage site is missing
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in this strain, linking the EcoRI-K sequences to
the B fragment. This additionally proves that
fragments EcoRI-B and -K are adjacent and
that fragments EcoRI-M and -N must be located
to the left of EcoRI-K.
The size variation in the other fragments was,

however, less easily explained. Two possibilities
were envisaged. (i) The size variation could be
due to insertions or deletions in the respective
fragments. (ii) Larger fragments could be miss-
ing a cleavage site present in the DNAs of the
other strains. Primarily, it had to be demon-
strated that the fragments differing in size con-
tain, indeed, corresponding sequences. To show
this and to possibly discriminate between (i) and
(ii) above, the CC34-5 (EBV) HindIII D2, P3HR-
1 (EBV) HindlIl E, and M-ABA (EBV) HindIII
I1 fragments were isolated, labeled by nick trans-
lation, and hybridized to separated HindIII frag-

ments of the different strains. As shown in Fig.
6a, CC34-5 (EBV) HindIlI fragment D2 hybrid-
ized to P3HR-1 (EBV) HindIII-D and M-ABA
(EBV) HindIII-D2 and weakly to B95-8 (EBV)
HindIII-D. Hybridization to a low-molecular-
weight fragment of P3HR-1 (EBV) or M-ABA
(EBV) DNA could not be observed. Since the
size difference between the fragments is only in
the order of 400 base pairs, it is quite possible
that small fragments could have run out of the
gel or were not transferred to nitroceilulose.

Figure 6b shows the same experiment done
with labeled P3HR-1 virus DNA fragment
HindIII-E. This fragment hybridized efficiently
to P3HR-1 (EBV) HindIII-E and less to the
HindIII E fragments of the other strains. In
addition, it hybridized weakly to P3HR-1 (EBV)
HindIII-E'. Hybridization to small fragments
could not be observed, although in this case an

P M c i) e

ie 1:

B...

b

FIG. 6. (a, b, and c) Autoradiograms of blots containing separated HindIII [(a), (b), and the left four lanes
in (c)] and SalI [the right four lanes in (c)] DNA fragments ofP3HR-1 (EBV) (P), M-ABA (EBV) (M), CC34-
5 (EBV) (C), QIMR-WIL (EBV) (Q), and B95-8 (EBV) (B) after hybridization with 32P-labeled CC34-5 (EBV)
HindIII-D2 (a), P3HR-1 (EBV) HindIII-E (b), and M-ABA (EBV) HindIII-I, (c).
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additional fragment of about 1,000 base pairs
would have been detected.

Hybridization with labeled M-ABA (EBV)
HindIII-I, to separated HindIII and SailI frag-
ments is shown in Fig. 6c. Apparently, this frag-
ment hybridized only to the HindIII I, and SailI
F fragments of the different strains. Since in the
same area ofthe genome the same size variations
were observed in fragments generated by two
different restriction endonucleases, it may be
concluded that M-ABA (EBV) and B95-8 virus
DNAs have insertions of about 150 and 400 base
pairs, respectively, at the same position of the
genome or very nearby.

DISCUSSION
Five different EBV strains carried by lymph-

oid cell lines and originating from Burkitt's lym-
phoma (P3HR-1 and CC34-5), nasopharyngeal
carcinoma (M-ABA), transfusion mononucleosis
(B95-8), and a patient with myeloblastic leuke-
mia (QIMR-WIL) were compared by partial de-
naturation mapping and analysis of restriction
endonuclease fragments. Besides the deletion of
about 12,000 base pairs at the right-hand side of
the B95-8 (EBV) DNA molecule, which has been
reported previously (5, 15, 39), only small differ-
ences were observed in the partial denaturation
patterns. The main difference was found in the
number of internal repeat units, varying from an
average of 4 to 5 in M-ABA to about 10 in B95-
8 (EBV) and CC34-5 (EBV). Adjacent to the
internal repeats, sequences of about 3,000 to
4,000 base pairs carrying a HindlIl site are miss-
ing in the P3HR-1 strain. The proper location of
this deletion has only been detected by compar-
ison of the denaturation histograms of several
virus strains and not in our earlier study. That
sequences are missing in this part of the genome
in P3HR-1 (EBV) DNA has also been reported
by Raab-Traub et al. (39) after hybridization of
a B95-8 virus-specific probe, from which all se-
quences homologous to P3HR-1 virus DNA had
been removed, to the B95-8 (EBV) EcoRI A and
HsuI B fragments.

Concerning the deletion of about 12,000 base
pairs at the right-hand side of the B95-8 (EBV)
genome, it was particularly interesting to deter-
mine whether the extra piece of DNA already
known to be present in P3HR-1 (EBV) and
CC34-5 (EBV) would be represented in the two
virus strains, M-ABA and QIMR-WIL, of differ-
ent geographical and pathological origin. Ob-
viously, these strains contain the "extra" DNA,
indicating that the large deletion in B95-8 (EBV)
is the exception rather than the rule. No further
differences were observed in the partial denatur-
ation histograms of the different strains. Partial
denaturation mapping, however, allows only the

detection of major differences in the organiza-
tion of the genome. To allow a more detailed
study of the different strains, viral DNA was
analyzed after digestion with the restriction en-
donucleases EcoRI, HindIII, and SalI. Based on
the linkage maps provided for B95-8 (EBV) and
W91 (EBV) by Given and Kieff (15), maps were
established for CC34-5 (EBV), M-ABA (EBV),
QIMR-WIL (EBV), and P3HR-1 (EBV) DNAs
(Fig. 7), revealing insertions or deletions in the
different strains which had not been detected by
partial denaturation analysis. Thus, insertions of
about 150 and 400 base pairs were identified in
the HindIII I, fragment of B95-8 (EBV) and M-
ABA (EBV) DNAs, respectively. Another site of
variability was found in the HindIII D2 frag-
ment, which corresponds to P3HR-1 (EBV)
HindIII-D. Most of the sequences of this frag-
ment are missing in B95-8 virus DNA (15, 39).
In P3HR-1 (EBV) and M-ABA (EBV) DNAs,
this fragment is about 400 to 500 base pairs
smaller than the corresponding CC34-5 (EBV)
and QIMR-WIL (EBV) fragments. This also
suggests that in P3HR-1 (EBV) and M-ABA
(EBV) DNAs small deletions are located at this
site of the genome. This site has also been iden-
tified as the major site of sequence variability by
Rymo et al. (42) in an analysis of the intracel-
lular EBV DNA from tumors and cell lines after
cleavage with EcoRI and transfer to nitrocellu-
lose filters.
Another variation among the different strains

was found in the HindIII E fragments. The
P3HR-1 (EBV) HindIII E fragment is about
1,000 base pairs larger than the corresponding
fragments of the other strains. The possibility
that a HindlIl site was lost in P3HR-1 virus
DNA, generating a larger HindIII E fragment,
was excluded, since P3HR-1 (EBV) HindIII-E
hybridized exclusively to the HindIII E frag-
ments of the other strains. It is presently not
possible to decide whether this fragment con-
tains sequences unique to the P3HR-1 virus
strain or repetitions of sequences, which are also
represented in the DNAs of the other strains.
The P3HR-1 strain appears to be exceptional

in many respects. As is well known, P3HR-1
virus is the only EBV strain which is incapable
of transforming human B lymphocytes (31).
However, it has the ability to induce an abortive
cycle inEBV genome-carrying nonproducer cells
(22, 31). The structural organization of the
P3HR-1 virus genome turned out to be difficult
to characterize. Reports of several laboratories
on the cleavage pattern of P3HR-1 (EBV) DNA
after digestion with EcoRI (19, 28, 41, 43, 46)
and HindIII (13, 19, 28, 41) revealed discordant
data, although all reports on B95-8 virus DNA
were in good agreement (19, 41, 46). In addition,
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the partial denaturation pattern ofP3HR-1 virus
DNA (5) and biological experiments on EBV-
determined nuclear antigen and EA induction
suggested heterogeneity of the P3HR-1 virus
(14). Again, in this study, the structural organi-
zation of the P3HR-1 virus genome is not fully
elucidated. The majority of fragments could be
aligned to a linkage map (Fig. 7a), resembling
that of the other strains, with two differences
characteristic for the P3HR-1 strain: a deletion
of about 3,000 to 4,000 base pairs in the long
unique region adjacent to the internal repeats
and an insertion of about 1,000 base pairs in the
HindIII E fragment. It is suggestive to correlate
these structural peculiarities with biological
functions of the virus. Thus, the sequences
neighboring the internal repeats which are de-
leted in the P3HR-1 strain could play an impor-
tant role in the transformation of B lympho-
cytes. This is supported further by the observa-
tion of Fresen et al. (13; K. 0. Fresen, M.-S. Cho,
and H. zur Hausen, in Cold Spring Harbor
Conference on Cell Proliferation, in press) with
recombinant EBV strains obtained by rescue of
resident genomes from nonproducer cells by su-
perinfection with P3HR-1 virus. All recombi-
nants studied so far have transforming capacity
and contain the piece ofDNA deleted in P3HR-
1 virus.
Although the linkage map for the P3HR-1

strain was established by analogy to the other
strains, a number of fragments do not fit into
this pattern. Their occurrence varies with differ-
ent preparations, thus giving rise to the discrep-
ancies in the different reports on P3HR-1 virus
DNA cleavage products. P3HR-1 (EBV) SalI-D
and P3HR-1 (EBV) EcoRI-J2 hybridized to
some of these fragments, indicating that se-
quence rearrangements may have taken place
during the synthesis of P3HR-1 virus DNA. The
appearance of some fragments in more than
molar amounts [P3HR-1 (EBV) HindIII-C and
-K and also P3HR-1 (EBV) SalI-G2 and -G3]
suggests that the right terminus of the molecule
may additionally be overrepresented in some
P3HR-1 virus DNA preparations. No informa-
tion is presently available as to whether se-
quences present in the extra bands of P3HR-1
virus DNA are represented in the genome of the
other strains.

It is not known whether this type of sequence
heterogeneity in P3HR-1 virus plays a role in
the expression of biological functions, e.g., EA
inductions in Raji cells. Interestingly, the extra
bands of P3HR-1 virus DNA, which do not fit
into the linkage map, are preferentially repli-
cated in superinfected Raji cells (M.-S. Cho, K.
0. Fresen, and H. zur Hausen, Int. J. Cancer, in

J. VIROL.

press). An analysis of the sequence arrange-
ments in the extra bands of P3HR-1 virus DNA
is in progress.
With the exception of the P3HR-1 virus, the

great similarity of the strains studied here is
striking. The three isolated strains CC34-5, M-
ABA, and QIMR-WIL originated not only from
patients with different diseases but also from
different geographical areas. Only minor differ-
ences could be detected among their DNAs.
Even though it is possible that small differences
the genome organization may have significant
biological effects, the great similarity among
these strains does not favor the hypothesis that
disease-specific subtypes of EBV exist.
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